With the increasing use of sensors and wireless communication systems, predictive maintenance is acquiring more and more importance to assess the condition of inservice equipment. Predictive maintenance presents promising cost savings, as it allows minimizing unscheduled power systems faults, which can have very costly and catastrophic consequences. Early stage detection of power system failure requires acquiring, monitoring, and periodically analyzing the condition of the elements involved, such as high-voltage power connectors, since they are critical devices which are often located in key points of power systems. This paper proposes a low-cost online system to determine the contact resistance of high-voltage direct current (dc) and alternating current (ac) power connectors, to determine their health condition in order to apply a predictive maintenance plan. The contact resistance is considered as a reliable indicator of the connector's health condition. However, it cannot be directly measured, and the applied strategy differs between dc and ac power systems. The experimental results show a maximum uncertainty of 4.5%, thus proving the accuracy and feasibility of the approach presented in this paper, since the proposed limit of acceptable resistance increase is 20%. This approach can also be applied to many other power systems' elements.
between different conductors or bus bars [4] while minimizing the voltage drop and the associated power losses. They are usually made of copper or aluminum, the latter material being more commonly used in substation connectors. High-voltage mechanical power connectors are bolted elements, using bolts and nuts, as it is known that these types of connections provide reliable and compact contacts [5] , although they can produce irregular contact pressure. The number of contacting spots and thus the contact area tends to increase with the mechanical load applied [6] . Apart from the mechanical load, the condition of the contact interface plays a key role in contact resistance [7] . Since the spots provide the conducting pathways for the transfer of electrical current between the two mating surfaces [5] , the contact resistance tends to decrease when increasing the nominal contact area [8] , and the number of conducting spots within the contact interface [3] .
Temperature cycling due to peak and off-peak daily patterns tends to losen the bolts, thus producing an increase of the contact resistance of the connector. It has been reported that retorqueing is not a useful practice to overcome this issue [9] . When the resistance exceeds a limit value, the connector must be replaced before failure. Improved electrical contacts require reduced and stable contact resistance over time, otherwise overheating and shortening of service life are expected [7] . Predictive maintenance plans allow avoiding major failures of power connectors, although they require diagnosing the condition of such devices. To this end, it is highly appealing to acquire online data, from which it is possible to perform a fast diagnosis of their condition, thus identifying the connectors that will fail prematurely and avoiding severe power system faults [10] . This approach allows replacing or applying a predictive maintenance plan, as soon as the connector shows degraded electrical performance.
The electrical contact resistance determines the efficiency and the expected lifetime of power connectors [11] , thus being considered as a reliable indicator of their health condition. As soon as the contact resistance of the connector increases, both thermal and electrical behaviors, which are interrelated, tend to deteriorate [12] . It is a recognized fact that the contact resistance has two components, the electrical constriction resistance (ECR) and the film resistance (FR). The ECR is produced by the roughness of the mating surfaces, which forces the electrical current flowing through a constricted area. This component is affected by the mechanical load applied by the bolting elements, electrical and mechanical properties of the mating surfaces, or environmental conditions [13] . The FR 0018-9456 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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is generated by oxides and poorly conductive films formed at the contact interface [14] . Different methods to measure the contact resistances are found in the bibliography. The four-wire method is probably the most widely accepted method, which has been already used to measure the contact resistance in different connector types [15] [16] [17] [18] [19] . In [20] , an electrothermal model of automotive connectors was proposed and a shunt resistor was used to sense the current. In [21] , the ac contact resistance was measured by using a Rogowski coil and a voltage probe assuming that the inductance of the circuit remained constant. Finally, in [22] , it is proposed to analyze the current during a switching process because faults such as loose contacts cause a distortion of the current waveform.
This paper proposes a low-cost online approach to measure the electrical contact resistance of high-voltage power connectors focused to ease predictive maintenance plans. In addition, power connectors are often installed outdoors, under highcurrent and high-voltage environments, where human interventions must be avoided or at least minimized. However, online monitoring of high-voltage systems is still not common [23] . The proposed approach applies a hybrid experimental and numerical approach to determine the contact resistance, which includes the finite element method (FEM) simulations. Nowadays, FEM simulations are being commonly used in the area of sensors, especially when analytical equations are difficult to apply [24] [25] [26] . The proposed approach is valid for both dc and ac applications. The methodology proposed in this paper is based on the simultaneous measurement of the current and the voltage drop across the connector. It does not require any current injection from an external source, since the line current passing through the connector is measured and used to determine the voltage drop. While the current is measured by using a low-cost analog-bipolar Hall effect sensor, the voltage drop is acquired by means of an instrumentation amplifier. To the best of our knowledge, there is a scarcity of works dealing with this application, so this paper makes a contribution in this area. Although this paper is focused on high-voltage power connectors, the same approach can be applied to a wide range of electrical devices and apparatus, such as cable joints, electrical pantographs, or circuit breakers among others.
II. ONLINE RESISTANCE MEASUREMENT
This section analyzes the online approach proposed in this paper for determining the contact resistance of power connectors. The online determination of the contact resistance requires the simultaneous measurement of the temperature, the voltage drop, and the current across the connector under normal conditions of operation, for both dc and ac power frequency supplies. These measurements are a challenging problem, as the expected current is in the range of 0.1-10 kA, whereas the expected voltage drop is of some mV since the expected contact resistance is in the order of some micro-ohms.
Since the contact resistance of power connectors is in the order of some micro-ohms, a suitable and sensitive measurement system is required. The standard four-wire method is based on injecting a stabilized dc current in the range of 10-200 A. However, this requisite makes it unfeasible to develop a low-cost online measurement system. This paper proposes acquiring and using the own line current to determine the voltage drop across the terminals of the connector and thus its contact resistance. This approach is also extended to deal with power frequency supply, although, in this case, the measurement of the contact resistance becomes more complex. Under ac supply, when dividing the voltage drop across the connector by the electrical current, the impedance of the connector is obtained instead of the resistance. The impedance can be rather higher than the resistance, because of the reactance component. The values of the reactance and the impedance depend on the geometry of the experimental loop and the frequency of the ac current.
Online contact resistance determination requires measuring the initial contact resistance of the power connector. During installation, it is usual to measure the dc resistance of the power connection by means of a portable micro-ohmmeter to check that the connector has been correctly installed. Therefore, this paper assumes that the initial dc resistance of the connector is known, which will be used as the reference value or starting point.
The initial resistance is initially measured by means of the resistance, which is commonly done by applying the standard Kelvin or four-wire method as schematized in Fig. 1 , as the results are not influenced by the resistance of the probes [27] . This measurement requires a 4-lead micro-ohmmeter, which injects a stabilized dc current I DC and measures the voltage drop V DC across the connector.
The dc resistance of the connector at the standard temperature of 20°C is calculated from the current I DC and the voltage drop V Connector as
where T (°C) is the actual temperature of the connector and α Al = 0.004 K −1 is the temperature coefficient of aluminum, the material of the connector analyzed in this paper.
The contact resistance R Contact is calculated by subtracting the bulk resistance, R Bulk , from the total resistance of the power connector R Connector,20°C as
R Bulk must be determined offline by means of FEM simulations, since it cannot be measured directly, whereas R Connector,20°C must be measured by means of the 4-wire method. The bulk resistance, R Bulk , depends on the size, shape, and the electrical properties of the connector. It is calculated by means of FEM by injecting a known current and measuring the voltage drop between the terminals of the connector. When injecting a dc current, R Bulk,dc , is obtained, whereas when injecting an ac current, the impedance is obtained, thus allowing to calculate R Bulk,ac as the real part of the impedance. This strategy enables determining the R AC /R DC ratio, which is required in Section III.B. Fig. 2 shows a 3-D view of the analyzed power connector and bus bar, as well as the mesh applied in the FEM simulations, which includes around 5.3 million of tetrahedral elements, more than 590 000 triangular elements and around 33 000 edge elements. The FEM simulations were performed by means of the Comsol Multiphysics package.
It is noted that (1) assumes that the resistance of the connector increases linearly with its temperature and so, a simultaneous measurement of the temperature, the voltage drop, and the current is required. This paper proposes to measure the temperature by using T-type thermocouples installed in the connector and the adjoining bus bar.
The voltage drop across the power connector can be measured by means of an instrumentation amplifier. Since the expected voltage drop is in the order of some mV, it is essential to minimize unwanted noise effects. As there are very small temperature differences between the terminals of the connector, thermo-voltages are not an issue [28] . Apart from rejecting the common-mode noise, the instrumentation amplifier also allows amplifying the input signal. The remaining noise can be further minimized by applying a suitable postprocessing filtering.
Different sensors can be applied for online measurement of the current, including current transformers, Rogowski coils, shunt resistors, giant magneto impedance, giant magneto resistive, or analog-bipolar Hall effect sensors [29] , [30] . However, for the application described in this paper, the coreless Hall effect sensor is a suitable choice, since it allows a contactless measurement of both dc and ac magnetic fields, high-current capability, low-cost, reduced size, and accuracy [31] . In the technical literature, there are few works applying coreless Hall effect sensors in high-current applications. It is usual to deal with sensors including a ferromagnetic core acting as a field concentrator [31] , [32] , although this option is not practical for the application proposed in this paper. Due to the outer diameter of the bus bars, a bulky, difficult-to-install, and expensive magnetic core is required. If the sensitivity factor of the sensor is known, which is usually expressed in mV/mT, it is straightforward to convert the output voltage of the coreless Hall effect sensor into the current expressed in amperes.
According to the Biot-Savart law, the magnetic flux density B generated by a current I Connector flowing through a rigid bus bar of a round cross section of known diameter, D, is given by
and the measured output voltage of the sensor, once the offset has been removed, can be expressed as
where k [V/T] is the sensitivity constant. Thus, when placing the sensor on the surface of the bus bar, the current through the conductor, and hence, through the connector, can be calculated as
Finally, from (4) and (5), the current is obtained as
Sensitivity changes due to the gap, diameter, or sensor orientation tolerances are the main error causes of open-loop Hall effect sensors [32] . The errors can be minimized by means of an in situ calibration of the sensor once installed.
III. PROPOSED ONLINE METHODS TO DETERMINE THE CONTACT RESISTANCE OF THE CONNECTOR
It is easier to measure the contact resistance under dc than under ac supply. This is because there are some effects that do not arise under dc supply, such as eddy currents or inductive effects, due to the parasitic reactance induced around the conductor.
A. Determination of the Contact Resistance Under DC Supply
The contact resistance of aluminum connectors can be greater than the bulk resistance [16] . The principle to measure the contact resistance is based on measuring the total resistance of the connector, and afterward subtracting the bulk resistance component.
The total resistance can be measured experimentally. However, the bulk resistance must be calculated, for example, by means of FEM simulations, as already explained. The four-wire method has two independent voltage and current circuits, this property being exploited in the online measurement techniques developed in this section. Therefore, the total resistance of the connector, R Connector , can be determined from the voltage drop across the connector, V Connector , and the current through the line or the connector, I Connector , as To this end, a current high enough to produce a sufficient voltage drop across the connector is required, which can offset the temperature-dependent voltage between the voltage measuring leads due to the thermoelectric effect. When dealing with power connectors rated from several hundreds of amps to some kilo-amps, the same line current can be used to determine the voltage drop across the connector. Fig. 3 shows the procedure proposed in this paper to determine the contact resistance of the connector under the dc supply. This procedure has two main stages, namely, calibration and after-calibration stages. The first stage is carried out during the installation of the power connector. The second one is performed under normal operating conditions, i.e., during the useful life of the power connector. Whereas in the first stage, the sensitivity of the Hall effect sensor is calibrated while installing the connector, during the after-calibration stage, the actual value of the contact resistance is recalculated and updated based on online measurements.
The dc resistance, R DC , of the power connector must be measured in situ before the circuit is connected using a handheld portable micro-ohmmeter. Once the circuit is connected, both the output voltage of the Hall effect sensor and the voltage drop across the connector must be measured to calibrate the sensitivity factor of the sensor. Next, in the after-calibration stage, the instantaneous values of V Connector and V HallSensor are measured to determine the total resistance of the connector, R Connector . Finally, the contact resistance is calculated from (2), once the bulk resistance of the connector, R Bulk , is known. It is noted that R Bulk must be calculated from FEM simulations only once, during the design and optimization stage of the connector.
When it is not possible for an offline measurement of the dc resistance of the connector, it can be estimated from the bulk resistance as R DC ≈ 3R Bulk . This assumption is valid for cast A356.0-T6 aluminum connectors when applying the standard installation procedure suggested by the manufacturer [33] .
B. Determination of the Contact Resistance Under Power Frequency AC Supply
As already mentioned, under power frequency ac supply, the online measurement of the current and the voltage drop across the connector provides the impedance instead of the ac resistance
In this case, the reactance and thus the ac resistance can be estimated from the phase difference between the current and the voltage drop across the connector. It can be done from the online phase difference between V HallSensor and V Connect or [34] [35] [36] . Fig. 4 summarizes the online procedure to determine the ac contact resistance of power connectors. As in the dc case, it has two main stages, namely, calibration and aftercalibration stages. The ac resistance R AC of the connector is measured offline similarly as done under dc supply, once the R AC /R DC ratio is known from FEM simulations. The voltages, V Connector and V HallSensor , and their phase difference φ must be measured to calibrate the sensitivity factor of the Hall effect sensor. Next, during the after-calibration stage, the instantaneous values of V Connector , V HallSensor , and φ are measured to determine the total resistance of the connector, R Connector . Finally, the contact resistance is calculated from (2), once the bulk resistance of the connector, R Bulk,ac , is known from FEM simulations. This method is based on
The impedance of the connector, Z Connector , is calculated according to (8) . It should be noted that (9) can be applied since V HallSensor is related to the current I by applying (6) . Therefore, the waveforms of V HallSensor and I are in phase. This assumption was already verified in the laboratory by comparing the output voltage waveform of a calibrated Rogowski coil with that of the Hall effect sensor. 
IV. EXPERIMENTAL RESULTS
This section develops the experimental part of this paper to assess the performance of the proposed approaches for determining the contact resistance of high-voltage power connectors.
A suitable experimental setup is required to measure the resistance of the connector. For online data acquisition, a NI USB-6000 multifunction DAQ from National Instruments was used. The data were monitored and recorded by means of the SignalExpress 2015 software, also from National Instruments.
Two solid cylindrical aluminum bus bars of 1 m length and 40 mm diameter each were electrically joined by means of the analyzed power connector. To determine the contact resistance of the connector, the voltage drop between points 2 and 3 was measured by using the inbuilt instrumentation amplifier of the USB-6000 data acquisition system, as shown in Fig. 5(a) .
An analog-bipolar DRV5033VA Hall effect sensor from Texas Instruments was used to measure the current through the test loop. It has sensitivity in the range of 45-140 mV/mT. The sensor was placed on the top of the bus bar, oriented toward the direction of the magnetic field lines. The output voltage of the Hall effect sensor was acquired by means of the USB-6000 DAQ system.
As described in Section II, the contact resistance must be referred to as the standard temperature of 20°C. Therefore, the temperatures of the bus bars and the connector were acquired simultaneously with the voltage drop and the current, by using T-type thermocouples and an Omega TC-08 thermocouple data logger.
The contact resistance of the connector was determined from online voltage, current, and temperature measurements performed by means of the above-mentioned devices and FEM simulations, as detailed in Section II. Fig. 5(a) shows the analyzed power connector and the solid aluminum bus bars, whereas Fig. 5(b) shows the loop used to test the connector.
To test the loop, a stabilized and adjustable dc current source of 0-200 A DC was used to ensure a stabilized dc supply, as well a high-current transformer with an output current 0-10 kA RMS to make sure stable power frequency ac supply. Table I summarizes the information about the different components of the loop.
According to the flowcharts summarized in Figs. 3 and 4 , the measurement of the contact resistance under both dc and ac power frequency supply requires a previous measurement of the initial contact resistance. The reference dc resistance R DC of the power connector was measured by means of the 4-wire method, as detailed in Section II. A digital micro-ohmmeter (Raytech Micro-Centurion II, 0-200 A DC , ±0.01μ ) was used to this end.
From this measurement, the initial dc resistance of the connector resulted in R Connector,20°C = 111.8 μ . Next, Fig. 6 . Voltage drop across the terminals of the connector under dc supply for different current levels. M1 to M6 correspond to six sets of measurements, each one including four current levels (0, 50, 100, and 200 A DC ).
from FEM simulations, the bulk resistance was found to be R bulk = 4.86 ± 0.01 μ , and hence, the uncertainty is u R Bulk = ±0.21%. Finally, by applying (2), the resulting initial contact resistance was R Contact,dc = R Connector,20°C -R Bulk = 106.9 μ , which was taken as the reference value of the contact resistance. In the per-unit system, as usually applied in power system analysis, it becomes R Contact,dc,p.u. = 1.
A. Contact Resistance Measurement Under DC Supply
This section evaluates the accuracy of the method proposed in Fig. 3 to measure the contact resistance of the power connector under dc supply. It is noted that the accuracy of the dc measurement can be affected by the thermoelectric electromotive force between the metallic wires used to measure the voltage drop across the terminals of the connector. Since the connector is made of aluminum, the thermoelectric effect was minimized by using aluminum wires, although a residual electromotive force is generated between those wires and the terminals of the DAQ, where the wires are connected. Since for most paired materials this voltage is in the order of some μV/°C, a voltage drop I·R Connector of at least some mV is necessary to minimize its effect.
The experimental loop shown in Fig. 5 was tested by applying different dc current levels, and the contact resistance was measured according to the procedure detailed in Section III.A and Fig. 3 . Fig. 6 depicts the voltage drop across the connector under dc supply for the different levels of current applied in the experimental tests. The slope of this curve provides information about the total dc resistance of the connector, which includes the bulk and the contact resistances. It shows a very linear behavior, thus allowing to determine the contact resistance. Table II shows the contact resistance measurements performed under dc supply when applying different current levels.
B. Contact Resistance Measurement Under AC Supply
This section assesses the accuracy of the method proposed in Fig. 4 for experimental measurement of the contact resistance under power frequency ac supply.
The initial dc contact resistance of the connector was measured during the calibration stage, following the procedure detailed in Section II. It is a recognized fact that the ac resistance can be significantly different from the dc resistance due to the effect of eddy currents, which produce an uneven distribution of the current density across the cross section of the connector. In the analyzed case, the skin effect predominates over the proximity effect, although the latter can be important under the presence of nearby conductors and connectors [37] . This paper proposes determining the k = R Connector.ac /R Connector.dc ratio by applying FEM simulations, since FEM models can be applied to a wide range of complex configurations and electrical frequencies [7] , [37] . The FEM results show that for the analyzed configuration, the former ratio results in R Contact.ac.p.u. = 1.127 · R Contact.dc.p.u . The contact resistance of the connector under power frequency ac supply was determined from experimental tests in the loop depicted in Fig. 5 . For this purpose, different current levels were applied in the range of 0.5-1.0 kA RMS . The contact resistance was measured online by applying the approach summarized in Fig. 4 . Fig. 7 depicts the voltage drop across the connector under power frequency ac supply for different levels of current applied in the experimental tests. It shows a very linear behavior, thus allowing a precise determination of the contact resistance. Table III summarizes the contact resistance measurements performed under power frequency ac supply when applying different levels of current.
V. CONTACT RESISTANCE UNCERTAINTY ANALYSIS

A. DC Supply
The contact resistance under dc supply has different components, that is, R Bulk obtained from FEM simulations, 
The combined standard uncertainty of R Contact , here expressed as u R Contact , can be calculated (11) , as shown at the bottom of this page
The current uncertainty has several components, including alignment, thermoelectric voltage, voltage offset, or environmental conditions among others, thus depending on installation conditions. Therefore, this paper suggests to apply an in situ calibration method. The accuracy of the current measurement provided by the Hall sensor was calculated by comparing the current measured by this sensor with that generated by a calibrated dc current source. Therefore
where I DC is the difference between the current measurements by means of the Hall effect sensor and the dc source. The uncertainty of I Connector can be calculated as
B. AC Supply
Under ac supply, the contact resistance can be calculated as
where R Bulk is obtained through FEM simulations, V Connector is measured by means of a DAQ acquisition system, I Connector (15) , as shown at the bottom of this page, The accuracy of the current measurement provided by the Hall sensor is calculated by comparing the current measured by this sensor with that measured by a calibrated Rogowski coil
where I AC is the difference between the current measurements by means of the Hall effect sensor and the Rogowski coil. Finally, the uncertainty of I Connector can be calculated as
C. Uncertainty Results for DC and AC Supply
Table IV summarizes the individual and overall uncertainties calculated by means of (10)- (17) .
Results summarized in Table IV indicate that the maximum experimental uncertainty in measuring the contact resistance under dc and ac supply is below 3.0% and 4.5%, respectively. It is concluded that such results are accurate enough for online estimation of the contact resistance in order to assess the health condition of the connector, as this paper proposes a limit of acceptable resistance increase of at least 20%, which is in agreement with the IEC 62271-1:2017 standard [42] . 
VI. CONCLUSION Measurements done by means of distributed sensors and wireless communication systems ease the predictive maintenance tasks and online assessment of the condition of inservice equipment. This approach is a trending topic in predictive maintenance of power systems, as it allows reducing unexpected failures and unplanned disconnections, which can lead to severe consequences. Currently, health condition models of power connectors are not available, although it is believed that they can be a cost-effective tool to increase the power systems reliability. The contact resistance is a reliable indicator of the health condition of high-voltage power connectors, so this paper has proposed a low-cost system for online measurement of contact resistance. Contact resistance cannot be measured directly, so a hybrid experimental-and simulationbased approach has been proposed, which is applicable for both dc and ac power systems. The experimental results show the accuracy and feasibility of the proposed approach for both dc and ac cases since the accuracy is better than 4.5%, which is enough for the application analyzed in this paper. It is noted that the proposed approach can also be applied to many other power systems' elements integrating electrical contacts.
